The prefrontal cortex (PFC) and its reciprocal connections with the mediodorsal 34 thalamus (MD) are crucial for cognitive flexibility and working memory 1-4 and are 35 thought to be altered in several disorders such as autism spectrum disorder 5, 6 36 and schizophrenia 6-9 . While developmental mechanisms governing regional 37 patterning of the rodent cerebral cortex have been characterized 10-15 , the 38 mechanisms underlying the development of PFC-MD connectivity and the lateral 39 expansion of PFC with distinct granular layer 4 in anthropoid primates 16-23 have 40 not been elucidated. Here we report increased concentration of retinoic acid (RA), 41 a signaling molecule involved in brain development and function 24,25 in the 42 prospective PFC areas of human and macaque, compared to mouse, during mid-43 fetal development, a crucial period for cortical circuit assembly. In addition, we 44 observed the lateral expansion of RA synthesizing enzyme, ALDH1A3, 45 expression in mid-fetal macaque and human frontal cortex, compared to mouse. 46 Furthermore, we found that enrichment of RA signaling is restricted to the 47 prospective PFC by CYP26B1, a gene encoding an RA-catabolizing enzyme 48 upregulated in the mid-fetal motor cortex. Gene deletion in mice revealed that RA 49 signaling through anteriorly upregulated RA receptors, Rxrg and Rarb, and 50 Cyp26b1-dependent catabolism is required for the proper molecular patterning 51 of PFC and motor areas, the expression of the layer 4 marker RORB, intra-PFC 52 synaptogenesis, and the development of reciprocal PFC-MD connectivity. 53
Introduction 65
The proper specialization and expansion of higher-order processing or association 66 areas in the cerebral cortex, specifically PFC, is thought to underlie complex cognitive 67 capabilities. The PFC reaches greatest complexity in anthropoid primates, which have 68 many prefrontal areas that cover the entire anterior two-thirds of the frontal lobe with a 69 well-defined or granular layer 4 16, 17, [19] [20] [21] [22] [23] . Mice and rats, the most commonly studied 70 rodents, have fewer prefrontal areas, which are located within the medial agranular 71 (lacking obvious layer 4) frontal cortex that are closest in homology to the primate 72 agranular medial PFC 18, 21 . Given the anatomical and functional divergence of the PFC 73 between primates and rodents, understanding specification of the expanded primate 74 PFC, which likely underlies some of the most distinctly human or primate aspects of 75 cognition, requires analysis of the developing primate cortex. Our previous analyses of 76 the developing human brain revealed that the transcriptomic differences between 77 neocortical areas are transient and most prominent during mid-fetal development 26, 27 , a 78 crucial period for specification and the initial assembly of neocortical neural circuits 28 . 79
Thus, we hypothesized that the molecular processes governing the developmental 80 specification of the human PFC could be revealed by differential regional gene 81 expression analysis of the mid-fetal human neocortex. 82 83
Prefrontal-enriched gene expression gradient in the mid-fetal human neocortex 84
To identify molecular processes governing the developmental specification of human 85 PFC, we screened for genes that are upregulated in the mid-fetal frontal lobe, using 86 tissue-level RNA-sequencing (RNA-seq) data from BrainSpan and PsychENCODE 87 projects 27 . These data comprise mid-fetal samples from eleven prospective neocortical 88 areas ranging in age from 16 to 22 postconception weeks (PCW), including four PFC 89 areas (medial, mPFC/MFC; orbital, oPFC/OFC; dorso-lateral, dlPFC/DFC; and ventro-90 lateral, vlPFC/VFC) and the primary motor cortex (M1C). Gene expression in these 91 frontal lobe areas was compared to areas within the parietal (primary sensory cortex, 92 S1C; and inferior parietal cortex, IPC), occipital, (primary visual cortex, V1C) and 93 temporal lobes (primary auditory cortex, A1C; superior temporal cortex, STC; and 94 inferior temporal cortex, ITC) ( Fig. 1a; Extended Data Fig. 1a ). We identified 190 95 protein-coding genes that are specifically upregulated in at least one area within a lobe 96 human PFC, we assessed whether RA concentration is increased in the PFC, using an 140 RA-specific enzyme-linked immunosorbent assay (ELISA) in two anthropoid primates 141 with laterally expanded PFC, human and macaque, and mouse, a rodent with fewer, 142 medially located, PFC areas. Quantification of RA concentration in the same eleven 143 mid-fetal neocortical areas analyzed for differential gene expression revealed a 144 prominent PFC-enriched anterior-posterior gradient of RA concentration in postmortem 145 human (16, 18, 18, 19 PCW; N = 3-4 brains per areal measurement) and macaque (four 146 brains at 110 postconceptional days (PCD); N = 3-4 brains per areal measurement) 147 neocortex, with mPFC exhibiting the highest concentration within each species (Fig.  148 2a). Overall, RA concentrations were much higher in prospective PFC areas (mPFC, 149 dlPFC, oPFC and vlPFC) compared to more posterior areas (M1C, S1C, IPC, V1C, 150 A1C, STC, and ITC; Two-tailed unpaired t-test: P = 2e-6; N = 15 in PFC areas, 21 in 151 posterior areas). Complementary analysis of mouse neonatal cortex revealed higher 152 RA concentrations in prospective mPFC compared to the adjacent secondary and 153 primary motor areas (P1; N = 3 brains; Fig. 2a) . 154
Comparison across the three species at approximately equivalent 155 developmental age, identified higher concentrations of RA in both the human mPFC 156 and all four PFC areas overall as compared to the other two species (Two-tailed 157 unpaired t-test: Human all PFC vs. macaque all PFC: 1.45 fold change, P = 0.02; 158 human mPFC vs macaque mPFC: 1.45 fold change, P = 0.03; human all PFC vs mouse 159 mPFC: FC 6.48, P = 3e-8; human mPFC vs mouse mPFC: 9.34 fold change, P = 160 0.0005; Fig. 2a ), as well as in macaque compared to mouse (Unpaired t-test: Macaque 161 all PFC vs mouse mPFC: 4.48 fold change, P = 2e-6; macaque mPFC vs mouse mPFC, 162 6.45 fold change, P = 0.003; Fig. 2a ). Interestingly, ITC, an association area within the 163 temporal lobe thought to exhibit unique features and connectivity in humans 23,49 , had a 164 higher RA concentration among non-frontal areas in humans but not in macaque 165
(Unpaired t-test: P = 0.01; Fig. 2a) . Next, we assessed how RA concentration differs across the medial-lateral axis of the 170 mid-fetal frontal lobe in human and macaque compared to the mouse frontal cortex at 171 the equivalent developmental age. In mice, we detected increased RA concentration in 172 the medial frontal cortex, which comprises PFC areas (mPFC), compared to adjacent 173 dorso-lateral regions corresponding to prospective secondary and primary motor areas 174 ( Fig. 2a) . The ratio of the concentration of RA between the dorsal and medial 175 PFC/frontal cortex was elevated in human and macaque compared to mouse, with no 176 significant difference between human and macaque (Two tailed ratio paired t-test: 177 human vs. mouse, P = 0.003; macaque vs. mouse, P = 0.003; human vs. macaque, 178 NS; Fig. 2b ), indicating that RA signaling is expanded laterally in the human and 179 macaque mid-fetal frontal cortex, compared to mouse. 180
The observed enrichment of RA in the PFC led us to examine the mid-fetal 181 expression of a key RA synthesizing enzyme, ALDH1A3/RALDH3 24,25,53 in human, 182 macaque and mouse. The mPFC enrichment of RA concentration in all three species 183 ( Fig. 2a, b) , closely overlaps with previously reported expression of ALDH1A3 in mice 54 . 184 We confirmed this in the neonatal mouse frontal cortex (N = 3 brains) and found Aldh1a3 185 expression predominantly in the upper layers of the dorsal portions of the mPFC and 186 the cingulate cortex ( Fig. 2c) . However, unlike the medially restricted expression of 187
Aldh1a3 in mice, we identified low but spatially broader expression of human ALDH1A3 188 (21 and 22 PCW; N = 2 brains) throughout the cortical plate, underlying subplate zone 189 and white matter in all regions of the anterior part of the mid-fetal frontal lobe, which 190 correspond to the prospective areas of the medial, orbital and lateral PFC ( Fig. 2c) . A 191 similar pattern of regional expression was observed throughout the cortical plate of the 192 macaque cortex (114 and 140 PCD; N = 2 brains), but with less noticeable expression 193 in the subplate zone and white matter, compared to human PFC (Fig. 2c) . This finding 194 indicates that the expression domain of ALDH1A3 has expanded dorso-laterally and 195 ventro-laterally in human and macaque mid-fetal frontal lobe, similar to lateral extension 196 of granular PFC in anthropoid primates 16,20 . 197 198
Developmental prefrontal retinoic acid signaling is mediated by RXRG and RARB 199
Given the mid-fetal anterior cortical upregulation of both RA and ALDH1A3, we further 200 assessed the expression of RA-dependent receptors and RA-responsive downstream 201 genes in the human, macaque and mouse cortex. In addition to Rxrg, which is 202 upregulated in the human mid-fetal PFC ( Fig. 1f and Johnson et al. 32 ), we also 203 identified an upregulation of Rarb in the P0 mouse anterior cortex by quantitative PCR 204 (Extended Data Fig. 2a,b) . In situ hybridization revealed that both RXRG and RARB 205 orthologs are more highly expressed in the striatum as compared to the cerebral cortex. 206
However, within the mid-fetal human (21, 22 PCW; N = 2 brains) and macaque (114, 207 140 PCD; N = 2 brains) cortex, or neonatal mouse cortex (P0; N = 3 brains), the two 208 genes exhibited a high anterior to low posterior gradient of expression (Extended Data 209
Fig. 2c). 210
The RXRG/RARB heterodimer has been previously shown to mediate RA 211 signaling in the adult mouse cerebral cortex and striatum, and be required for learning, 212 locomotion and dopamine signaling 29,30 . To assess whether RXRG and RARB are 213 required for RA signaling activity in the developing mouse frontal cortex, we generated 214 constitutive Rxrg and Rarb double knockout (dKO) mice (Extended Data Fig. 2d ), 215 which, consistent with previous findings 29, 30 , are viable. To assess RA signaling in these 216 dKO mice, we crossed these mice with the RARE-lacZ reporter line 52 where lacZ is 217 under the transcriptional control of a RA response element (RARE). Using control 218 RARE-lacZ mice we first confirmed previously described enrichment of RA signaling in 219 the dorsal portion of medial frontal and limbic areas in neonatal mouse 51 ( Fig. 3a ; 220 Extended Data Fig. 3a) . We then identified a reduction of RA signaling in the neonatal 221 dKO mPFC (Two-tailed Student's t-test: WT vs. dKO, P = 1e-6 in section 1; P = 0.0003 222 in section 2 in Fig. 3a, Extended Data Fig. 3a ). In addition, we found a less extensive 223 reduction of RA signaling in the anterior cingulate area (ACA) and retrosplenial area at 224 P0 (Extended Data Fig. 3a ). We also observed reduction of RA signaling in the 225 hippocampus and outer shell of the striatum of dKO mice (Extended Data Fig. 3a) . 226
There was no reduction of signaling in the thalamus, where expression was restricted 227 to ventroposterior nuclei (Extended Data Fig. 3a ). Furthermore, expression of genes 228 upregulated in the human mid-fetal and mouse neonatal frontal lobe and known to be 229 regulated by RA 31,54 , including Cbln2 and Meis2 (Fig. 1e) , were reduced in the dKO 230 mice (Extended Data Fig. 3b ). These findings indicate that RXRG and RARB are 231 required for RA signaling in the neonatal mouse mPFC. 232
233

RXRG and RARB regulate prefrontal synaptogenesis and axon development 234
To understand the functional significance of RA signaling through the RXRG/RARB 235 heterodimer in the developing cortex, we performed RNA-seq analysis of different 236 regions/areas of the P0 mouse frontal cortex (i.e., mPFC; secondary motor cortex 237 (MOs) and the adjacent parts of the primary motor cortex (MOp); and OFC, as indicated 238 in Fig. 2c ) microdissected from postmortem Rarb and Rxrg dKO and WT littermate 239 control brains. We identified 4768 differentially expressed (DEx) protein-coding genes 240 between the two genotypes in at least one of the areas (Extended Data Fig. 4a ). The 241 highest number of DEx genes was found in the mPFC, as expected based on the medial 242 frontal enrichment of RA signaling in P0 mice (mPFC: 2630 genes; OFC: 2095 genes; 243 MOs/MOp: 1240 genes; Extended Data Fig. 4a ; Supplementary Table 3 ). PCA based 244 on the expression of these DEx genes separated the WT and dKO along PC1, with the 245 mPFC showing greatest distance between the WT and the dKO, further supporting the 246 notion that the mPFC was most affected by the reduction of RA signaling ( Fig. 3b , 247
Extended Data Fig. 4b) . 248
The GO enrichment analysis revealed that terms associated with genes that are 249 overexpressed in the WT frontal cortex compared to the dKO frontal cortex were highly 250 related to the process of synaptogenesis and cellular components related to synapses 251 and axons, whereas the ones overexpressed in the dKO are related to the regulation of 252 the cell cycle ( Fig. 3c; Extended Data Fig. 4c,d ). In addition, reflecting the enrichment 253 of RA signaling in the medial frontal cortex ( Fig. 3c) , when analyzing DEx genes in 254 different regions/areas of the frontal cortex, only genes overexpressed exclusively in 255 the mPFC were associated with the cellular components, axons and synapses 256 (Extended Data Fig. 4c,d) . Of note, the majority of DEx genes with GO terms related 257 to axon and synapse development showed the presence of RA receptor binding sites 258 in their associated regulatory elements (promoters, putative enhancers) with genes with 259 reduced expression in the dKO more likely to have at least one RA receptor binding 260 sites (Extended Data Fig. 5 ). We extended this analysis to the human mid-fetal frontal 261 lobe upregulated genes related to axons and synapses, and identified the presence of 262 Supplementary Table 4 ; see also our accompanying study 31 ), similar to 271 gradient of Rxrg and Rarb (Extended Data Fig. 2c) . 272
We also observed a significant enrichment of orthologous genes specifically 273 upregulated in the human mid-fetal frontal lobe (from Fig. 1) in the list of genes that 274 were downregulated in the dKO mice, including those linked to synapse and axon 275 development, such as Cbln1, Cbln2, Cdh8, Nrp1, Pcdh17, Sema3c and Tnc (Extended 276 Data Fig. 4e; Fig. 1d ). Furthermore, downregulated genes identified exclusively in the 277 mPFC were significantly enriched for both orthologous genes specifically upregulated 278 in the human frontal lobe and ASD-related genes (Extended Data Fig. 4e ). Finally, 279 genes upregulated exclusively in the OFC were significantly enriched for both ASD-and 280 neuroticism-related genes (Extended Data Fig. 4e) . 281
Since the role of RA in proliferation has been previously investigated 24,25,33 , we 282 analyzed the role of RA in synaptogenesis by quantifying synapse number in multiple 283 regions of the mouse P0 cortex between dKO mice and WT littermate controls, and 284 identified a significant reduction of PSD-95-positive excitatory synapses in the mPFC 285 (27.6% reduction) and MOs (32.4% reduction), but not in the OFC, primary motor area 286 (Mop), and primary somatosensory area (SSp) (Two-tailed Student's t-test: WT vs. 287 dKO: P= 0.0006 for mPFC; P = 0.002 for MOs; P = 0.09 for OFC; P= 0.7 for MOp; P= 288 0.9 for MOp; Fig. 3d, Extended Data Fig. 6b ). Overall, these analyses suggest a 289 specific role for RA signaling in the regulation of synaptogenesis and, possibly, axon 290 development, particularly in the mPFC. 291 292 Rxrg and Rarb are required for development mPFC-MD thalamus connectivity 293
We further investigated the role of RA signaling on long-range connections from the 294 mPFC using Diffusion Tensor Imaging (DTI). Various tracing studies have identified 295 connections to the contralateral mPFC, thalamus, nucleus accumbens, and basolateral 296 amygdala as the main output from the mPFC 1-4, 21 . We identified a profound reduction 297 in long-range connections between the mPFC and thalamus in dKO compared to WT 298 mice at P5 (Paired t-test: WT vs. dKO: P = 0.001; Fig. 4b ). There was no difference in 299 connections between the left and right mPFC at P5 ( Fig. 4c ). Due to limitations of the 300 technique and underdeveloped axon pathways at this age, we were unable to study the 301 connections between the mPFC and nucleus accumbens, or basolateral amygdala 302 using DTI. Our attempts to use DTI to investigate connections at later ages were 303 hindered by technical air bubble artifacts that arose during preparation of older brains 304 that we were not able to solve in time for this submission. 305 Thus, we then performed anterograde axon tracing experiments at P21, where 306 a fluorescent lipophilic dye DiI was placed in the mPFC or medial thalamus ( Fig. 4d,e ; 307 Extended Data Fig. 6 ) both to confirm the DTI finding and assess if the reduced mPFC-308 MD connectivity persists at older ages. When tracer was placed in the mPFC, there was 309 a selective loss of labelled processes in two nuclei in the thalamus, likely the 310 mediodorsal (MD) and anteromedial (AM) nucleus in dKO mice compared to controls 311 (67% reduction, Two-tailed Student's t-test: WT vs. dKO: P = 0.009), as well as a 312 reduction of fibers in the internal capsule ( Fig. 4d; Extended Data Fig. 6c ). Placement 313 of lipophilic tracer in the medial thalamus showed reduction of labeled processes in the 314 ventromedial PFC, specifically infralimbic and prelimbic areas (96.2% reduction, 315 paired t-test: WT vs. dKO: P = 0.003) with fibers present in the anterior white 316 matter for both ( Fig. 4e; Extended Data Fig. 6d ). Because there is reduced RA 317 activity in the outer shell of the striatum in the dKO brain (Extended Data Fig. 3a ), we 318 assessed the trajectories of axon fibers through the striatum. We found that fibers 319 transit through the medial aspect of the striatum (Extended Data Fig. 6c,d ), suggesting 320 that alterations in RA signaling in the striatum do not affect guidance of reciprocal 321 mPFC-MD connectivity. In addition, reduction of connections between the mPFC and 322 thalamus was not due to cell death in the mPFC (Paired t-test: WT vs. dKO: P = 0.618; 323
Extended Data Fig. 7e ). 324
While we saw no changes in RA activity in the dKO thalamus (Extended Data 325 Fig. 3a) , RA signaling has been previously implicated in thalamic development 53 , thus 326 we assessed whether other thalamocortical connections were altered in the dKO mice 327 at P5 using DTI. There was no difference in thalamocortical connectivity with the MOp, 328 primary auditory area (AUDp), or SSp (Paired t-test: WT vs. dKO: P = 0.7, 0.6, 0.3 for 329
MOp, AUDp, and SSp, respectively) ( Fig. 4a,c; Extended Data Fig. 7b ). Consistent 330 with this, formation of barrel fields in the SSp in P5 control and dKO brains showed no 331 significant difference (Extended Data Fig. 7c ). Given that Aldh1a3 is expressed in the 332 ACA 51 , we also examined whether thalamocortical innervation was altered in the ACA, 333 but found no difference in the number of streamlines (Paired t-test: WT vs. dKO: P = 334 0.3) ( Fig. 4a; Extended Data Fig. 7b perinatally. Nevertheless, it has been previously shown that the genetic deletion of 356 Cyp26b1 in mice resulted in expansion of RA signaling in multiple organs prenatally 54 357 and the postnatal mouse mPFC 38 . Consistent with previous findings in humans 32 and 358 mice 38 , CYP26B1 is upregulated in M1C compared to the PFC during human mid-fetal 359 development ( Fig. 1g) and upregulated in the anterior insula and MOs/MOp of the 360 neonatal mouse frontal neocortex ( Fig. 5a; Extended Data Fig. 8b ). To investigate the 361 possible role of CYP26B1 in restricting RA signaling to the mouse medial frontal cortex, 362
we generated Cyp26b1 KO mice that also harbored the RARE-lacZ transgene. The lack 363 of Cyp26b1 resulted in spreading of RA signaling dorso-laterally toward the MOs and 364
MOp regions of the RARE-lacZ reporter mouse line at 18 PCD (Two-tailed Student's t-365 test: WT vs. KO: P = 0.004, 0.04 for mPFC in section 1 and 2, respectively; P = 0.006, 366 0.04 for MOs in section 1 and 2, respectively; P = 0.01, 0.0001 for MOp in section1 and 367 2, respectively; Fig. 5b; Extended Data Fig. 8a ). This increase was not robustly 368 observed in more posterior regions (Extended Data Fig. 8c) . 369
Next, we used Cyp26b1 KO mice to study the effects of expansion of RA 370 signaling into the dorso-lateral frontal cortex, by placing DiI into the medial thalamus of 371 fixed postmortem WT and KO brains, harvested at E18 due to perinatal lethality of the 372 KO mice. Histological analysis of the E18 brains revealed that WT littermates had 373 occasional thalamocortical axons within the medial and dorso-lateral frontal white 374 matter and cortex at this age. In contrast, KO mice showed precocious and robust 375 innervation of both the medial and dorso-lateral frontal cortex by the axons originating 376 from the medial thalamus (657% increase; Two-tailed Student's t-test: WT vs. KO: P = 377 0.0004; Fig. 5c, Extended Data Fig. 9b ). We also observed moderately enlarged 378 frontal cortex (Two-tailed Student's t-test: WT vs. KO, P = 0.0001 for frontal cortex size) 379 and grossly typical cytoarchitecture of the cortical wall and cortical plate analyzed areas 380 of the Cyp26b1 KO cortex (Extended Data Fig. 10a, b) . In this study, we report that spatial regulation of RA concentration and signaling during 396 the mid-fetal period is important for PFC development. We identified a high anterior to 397 low posterior gradient of RA in the developing primate cortex and of RA receptors, Rxrg 398 and Rarb, in the developing neocortex of both rodents and primates. The graded 399 expressions of transcription factors, PAX6 and NR2F1/COUP-TF1, predominantly in 400 early cortical progenitor cells, are required for early regional patterning of the cerebral 401 cortex 11,13-15, 55, 56 . It is conceivable that the anterior-posterior gradient of RA is refined 402 by interplay with the PAX6 anterior-posterior gradient and an opposing NR2F1 403 posterior-anterior gradient. Pax6 expression can be induced by RA 57 and PAX6 404 positively regulates Aldh1a3 expression 50 , whereas NR2F1 has been shown to repress 405 RA-stimulated transcription 57 . Furthermore, in the developing retina, RA 406 regulates FGF8 58 which was previously shown to regulate the patterning of the frontal 407 cortex in mice 10,12 . Thus, graded RA signaling may directly interact with previously 408 identified cortical patterning signaling mechanisms. 409
We showed that Rxrg and Rarb are required for proper development of mPFC-MD 410 long-range connectivity in mouse. Interestingly, there is a ventro-lateral and dorso-411 lateral expansion of ALDH1A3 expression in the mid-fetal primate neocortex, similar to 412 the expansion of PFC-MD connectivity in primates, and a posterior shift of Cyp26b1 413 expression, co-incident with posterior expansion of the primate PFC. Long-range 414 connectivity with the thalamus has previously been shown to be integral for specification 415 of the primary and secondary sensory cortex 11 , and was recently reported to regulate 416 Cyp26b1 in the mouse frontal cortex 38 . Of note, mid-fetal cortical development in human 417 and macaque, and equivalent perinatal/neonatal development in mice, is a critical 418 period for laminar and areal specification of neurons, onset of dendritic growth and 419 synaptogenesis, axon pathfinding, and ingression of thalamocortical axons 28 . Taking 420 this evidence together, we propose expansion of RA signaling is a mechanism for 421 expansion of association areas in the primate PFC through the expansion of innervation 422 from the MD nucleus of the thalamus. Noteworthy, while our study has not revealed 423
how changes in RA signaling may regulate thalamocortical innervation, we did observe 424 several genes encoding axon guidance molecules that are enriched in the neonatal 425 frontal cortex and dysregulated in mice lacking Rxrg and Rarb. Furthermore, we also 426 found that an increase in RA signaling in the mouse neocortex leads to the expansion 427 of Rorb expression, a key marker of granular layer 4, which is a distinct feature of the 428 laterally expanded primate PFC 16, 18, 20, 21 . 429
The PFC is hypothesized to have been derived from two prime entities: the ventral 430 paleocortical moiety that evolved from the olfactory/pyriform system and the dorsal 431 archicortical moiety that evolved from the dorsal hippocampus 58 . Interestingly, we 432 identified the mid-fetal frontal and temporal lobe, which are adjacent to each moiety, as 433 having the most differentially expressed genes during mid-fetal neocortical 434 development. Noteworthy, RA signaling is involved in the development of both 435 entitites 36,37 . In mice, the meninges covering the hippocampus, which resides next to 436 the temporal neocortex, express the other two RA synthesizing genes (Aldh1a1/Raldh1 437 and Aldh1a2/Raldh2) and RA signaling plays a critical role in hippocampal 438 neurogenesis and function 33 . RA signaling is also required for the development of the 439 olfactory system and its long-range connections with the ventrolateral forebrain 37 . 440 Interestingly, we also identified an enrichment of RA in the ITC of humans, but not 441 macaques. The ITC is an association area in the temporal lobe involved in object and 442 face recognition and exhibits unique specialization and connectivity in humans 23, 49 . 
Methods 638
Human developmental brain RNA-seq analysis. Bulk-tissue human brain 639 developmental RNA-seq data (counts file) with its metadata information was 640 downloaded from development.psychencode.org. A total of 73 mRNA samples 641 corresponding to 11 possible neocortical areas/regions from windows 3 and 4 (16-22 642 PCW) were considered for analyses (Extended Data Fig. 1) Cas9 mRNA, and two guidance RNAs were mixed at a concentration of (10 ng; 100 693 ng; 100 ng μl −1 ) in the microinjection buffer (5mMTris-HCl pH7.5; 0.1M EDTA) and 694 injected into the pronuclei of fertilized eggs from B6SJLF1/J mouse strain. The first 695 generation (F0) mice with recombined alleles were identified by PCR with two primer 696 sets designed outside and inside of targeted area ( Supplementary Table 5 ; 697 Extended Data Fig. 2d,9a) , confirmed by sequencing. The germ line transmission 698 in F1 generation was confirmed by the same sets of PCR primers. For generation of 699
Rxrg KO mice, a pair of guidance RNAs flanking whole exon 3 and 4 were designed 700 to delete a large part of DNA binding domain (Extended Data Fig. 2d ) 29 . For 701 generation of Rarb KO mice, a pair of guidance RNAs were designed to delete the 702 whole of exon 9 and a part of exon 10 (Extended Data Fig. 2d) . As a result, α-703 helical sheets of H4 to H8 in the ligand binding domain were deleted and a frame 704 shift occurred in the rest of C-terminal region, which results in total abolition of 705 receptor activity 64 . For generation of Cyp26b1 KO mice, a pair of guidance RNAs 706 were designed to delete the whole of exon 3 and 6 as described previously to abolish 707 enzymatic activity (Extended Data Fig. 8a) 65 . All primer sequences are listed in 708 Supplementary Table 5 . and Tbp primer sets, correlation (R2) was higher than 0.98, and the slope was -3.1 to 746 -3.6 in each standard curve. Primers to detect the expression of the genes above were 747 designed in a single exon. Primer sequences are listed in Supplementary Table 5 . 748 749 β-Galactosidase histochemical staining. Brains were dissected from P0 RARE-750 lacZ mouse pups and drop-fixed in 4% paraformaldehyde for 2 hours at 4C, followed 751 by embedding in OCT. Brains were sectioned at 20 µm by cryostat (Leica CM3050S) 752 after they were frozen. β-Galactosidase staining followed the protocol described by 753 Kokubu et al 69 . We used Red-gal (Sigma-Aldrich) for the chromogenic reaction. 754
Intensity of β-Galactosidase staining was quantified using Image J. 755 756 Nissl staining. Postmortem brains were harvested and fixed with 4% 757 paraformaldehyde overnight at 4˚C, followed by embedding in OCT. Brains were 758 sectioned at 15-20 µm by cryostat (Leica CM3050S) after they were frozen. After 759 PBS wash, sections were dehydrated using increasing concentration of ethanol, 760 followed by cresyl violet, wash, and second ethanol dehydration. hg38 coordinates of each of the ~1700 peaks obtained, we downloaded their DNA 858 sequence from the UCSC Genome Browser using twoBitToFa 76 . We then run FIMO 859 with default parameters to predict TFBS in those sequences using 8 JASPAR motifs 860 associated to retinoic acid receptors in meme format 77 . For each gene and motif, we 861 counted how many matches we observed in its putative cis-regulatory elements (CRE). 862
We divided the number of bases covered by a given motif by twice the total length of 863 each gene CREs, because our search space was in both the forward and reverse 864 strand. We then discretized the proportion of sites spanning putative RARB/RXRG 865 binding sites in five quantiles by including the union of the gene lists and calculated the 866 proportion of genes falling in the five quantiles, plus a category representing genes with 867 no predicted binding sites, and a category representing genes with no identified CREs. 868
To compare these proportions with a null expectation, we performed randomization 869 among the ~15,000 protein coding genes sufficiently expressed in human frontal cortex 870 and used in the differential expression analysis. The randomization strategy consisted 871 of i) sampling 100 times a number of genes equal to the union of the six gene lists and, 872
ii) for each of those random groups, sample a number of genes equal to the size of each 873 individual list. This strategy could better approximate the notable gene overlap observed 874 among those gene sets. Finally, we classified each gene from the randomized groups 875 in the same quantiles categories derived from the union of the six gene lists. For each 876 motif, we analyzed which gene lists presented categories with proportions falling outside 877 the 95% confidence interval of the 100 randomizations. We tested for enrichment of 878 RARB/RXRG binding sites around genes (-500 bp/+100 bp and +/-10,000 bp of the 879 transcriptional start site (TSS)) using RcisTarget 78 , and in the H3K27ac peaks from the 880 previous section with HOMER findMotifsGenome.pl 79 . 881 
